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Abstract: This study explores the morphodynamic impact of groups of piers with different configurations
(i.e., span characteristics, number of piers, and different reach locations) in a river cross section. It
focuses on sandy low-land rivers presenting steady alternate bars and low Froude numbers. A 2DH
(vertically integrated) numerical physics-based model (Delft3D) is used to simulate a straight channel,
which is inspired from a Nile River reach in Egypt, downstream of the High Aswan Dam. The results
show the formation of a forced bar upstream and downstream of the piers and increased deposition
over the existing steady bars with different intensities. The nearest bars to the structures are the most
affected ones. Large spans between bridge piers and more uniform pier distribution are found to
decrease the deposition and its extension, hence reducing dredging investments for navigability.
Keywords: Bars, Bridge Piers, Delft3D, River Engineering.

1. INTRODUCTION
Hydraulic structures, such as bridge piers, weirs, and groynes, induce changes in bed topography that
can lead to erosion and, as a consequence, also the bank alignment of rivers. These changes are
caused by erosion and sedimentation in different zones of the river. Some of them are local, like the
scouring in the vicinity of bridge piers, whereas others present larger-scale features arising from bed
erosion, sedimentation, bank erosion, and bar formation upstream and downstream of the structure.
Several works have been carried out in the past to study the local hydrodynamic and morphodynamic
impact of bridge piers (Melville, 1975, Breusers et al., 1977, Melville and Chiew, 1999, Oliveto and
Hager, 2002, Hager and Unger, 2010, Khosronejad et al., 2012) with different approaches, including
numerical models, physical models, and field studies.
Most studies focus on local hydraulic and morphological effects of bridge piers and only a few assess
the larger-scale impact of these structures. Mosselman and Sloff (2002) demonstrate that indeed local
scour can affect the large-scale morphology of rivers where the flow tends to concentrate in local scour
holes causing upstream erosion and a forced bar further downstream. Azhar (2018) shows that installing
a single bridge pier in morphodynamically unstable rivers leads to the formation of local steady bars
upstream and downstream of the structure and of migrating bars further downstream. However, in
morphodynamically stable systems (Crosato and Mosselman, 2020), only the local upstream and
downstream steady bars form and no bars develop further downstream, either migrating or steady. Bed
protection around bridge piers only prevents local scouring around the structure but does not prevent
downstream bar formation (Azhar, 2018).
In morphodynamically unstable rivers (Crosato and Mosselman, 2020), bridge piers alter the flow
structure in their vicinity, with morphological effects which are noticeable also further downstream. When

the flow meets a bridge pier, a stagnation point occurs, with subsequent increase in axial velocity. This
impinges the bed creating a scour hole. The scour hole generates a horseshoe vortex, which entrains
the sediment near the pier, transporting it downstream. Flow separation occurs around the pier and, as
a result, wake vortices are formed at its downstream face, which entrain sediment further downstream
(Melville, 1975, Melville and Coleman, 2000).
There is a research gap that requires further investigation on the large-scale impact of multiple bridge
piers in realistic sandy low-land rivers with steady bars. Using a physics-based numerical model, this
research studies how different engineering situations related to bridge piers installation (span, number
of piers, and location) affect the large-scale morphodynamics of sandy low-land rivers. This research
builds on a virtual flume, with characteristics inspired by a real river reach assumed as representative
of low-land sandy rivers.

2. METHODOLOGY
The main investigation tool used in this study is a 2DH physics-based numerical model developed using
the open-source Delft3D software (www.deltares.nl). A virtual straight channel, here referred to as the
“numerical flume”, is set up for the investigation using a Nile River reach downstream of the High Aswan
Dam (HAD) as a reference. All physical variables (average reach-scale width, sediment size, slope,
among others) of the numerical flume are based on available data from the selected river reach.
Calibration coefficients and numerical parameters like the values of roughness coefficient, transverse
bed slope, sediment transport formula, and the spiral flow coefficient are selected based on a
morphodynamic calibration with the aim to reproduce the measured 2D river bed topography of the
selected reach. Further details on the calibration procedure can be found in the work of Abdou (2021).
The so-developed numerical flume is then used as an experimental facility to study a number of
scenarios with the aim to infer the role of several factors, such as different bridge pier configurations,
varying numbers of piers and spans between piers, and different pier locations with respect to existing
steady bars.

2.1. Reference low-land river
The reference Nile River reach extends from 14 km to 22 km downstream of HAD, for a total length of
8 km. The upstream boundary of the reach is located at 24° 9' 1.54" N latitude and 32° 52' 43.60" E
longitude, while the downstream boundary is located at 24° 13' 4.20" N latitude and 32° 51' 55.29" E
longitude. The river reach is almost straight, with a sinuosity index (ratio between the actual river length
and the straight length) of 1.004, with a variable channel width, ranging from 558 m to 844 m. Due to
the presence of the large reservoir, the current discharge regime is strongly regulated. Considering 2004
as a typical hydrological year and given that there is available data for that year, the maximum daily
averaged discharge (2,893 m3/s) and the minimum discharge (868 m3/s) are considered as references.
Information on bed sediment characteristics were obtained from Abdel-Fattah et al. (2004) who describe
the results of field measurements carried out in 1997, 15 km downstream of HAD (within the selected
reach). According to them, the average median diameter of the river bed sediment is 0.378 mm, which
corresponds to medium sand, based on (ISO 14688-1, 2002) classification. The average longitudinal
surface water slope is 3.510-5m/m. These measurements were assumed to be representative of the
reach taken into consideration.

2.2. Numerical model
The Delft3D hydrodynamic model is based on the depth-averaged momentum equations [Eqs. (1) and
(2)], assuming the fluid is incompressible, pressure is hydrostatic and the flow is shallow ; coupled with
the continuity equation [Eq. (3)] (Schuurman et al., 2013, Duró et al., 2016):
∂u ∂u ∂u ∂zw
∂2 u ∂2 u
gu√u2 +v2
+u +v +g
-𝜈H ( 2 + 2 ) +
+Fx = 0
2
∂t
∂x ∂y
∂x
∂x
∂y
C h

( 1)

∂v ∂v ∂v ∂zw
∂2 v ∂2 v
gv√u2 +v2
+u +v +g
-𝜈H ( 2 + 2 ) +
+Fy = 0
2
∂t
∂x ∂y
∂y
∂x
∂y
C h
∂h ∂hu ∂hv
+
+
=0
∂t ∂x
∂y

( 2)
( 3)

Where u is the depth-averaged flow velocity (m/s) in x-direction (longitudinal), v is the depth-averaged
flow velocity (m/s) in y-direction (transverse), zw is the water level in the vertical direction (m), 𝜈H is the
horizontal eddy viscosity (m2/s), g is the gravitational acceleration (m/s2), h is the water depth (m),
Fx and Fy are the acceleration terms resulting from non-uniform horizontal velocity in the perpendicular
direction (m/s2).
In this research, Engelund and Hansen's (1967) formula is used for sediment transport calculations.
This formula was selected among others after a calibration stage.
qs =

0.05∝ u5
3

2
√gC ∆ D50

( 4)

Where qs is the sediment transport rate per unit width (m 2/s), ∝ is a calibration factor (-), C is the Chézy
friction coefficient (m0.5/s), ∆ is the relative sediment density (-) and D50 is the median grain size (m).

2.3. Numerical flume setup
The virtual straight channel is set up to investigate different research scenarios focusing on selected
variables, thus under well-defined flow conditions and allowing changing one parameter at a time ( Table
1). The numerical flume length is 16 km, which is assumed to be long enough to capture the large-scale
impact of bridge piers upstream and downstream, including the steady bars developing in the river. The
width is 650 m, obtained by taking the average river width of several cross sections generated every
kilometre on the selected Nile River reach. The grain size is assumed uniform and the river banks are
assumed to be fixed. Horizontal eddy viscosity and horizontal eddy diffusivity are assumed to be
constant. Given the scope of this study, these are reasonable assumptions, commonly embraced in
morphodynamic studies (Schuurman et al., 2013, Duró et al., 2016, Azhar, 2018).

2.3.1. Computational grid
The size of the considered bridge piers is small compared to the river size and hence the model requires
relatively high resolution. To avoid excessively long computational times, a rectangular grid is set with
three domains (Figure 1) connected using the domain decomposition option, which is a tool in Delft3D
that connects domains with different cell sizes (Figure 1). The coarse domain covers the majority of the
reach, except from the part of the reach around the bridge piers that is covered by the transitional and
fine domains. Cell dimensions of the coarsest domain are 59 m and 29.55 m in 𝑥 and 𝑦 directions,
respectively. This means that the transverse section is simulated with 22 cells in 𝑦 direction. The
transitional domain is created to connect between the coarse and the fine domains. Its cells are refined
with a factor of 3 in both directions, the grid cell dimensions being 19.67 m and 9.85 m in 𝑥 and 𝑦
directions, respectively. The fine grid provides finer resolution around the bridge piers, with cell
dimensions of 6.56 m and 3.28 m in 𝑥 and 𝑦 directions, respectively. The fine grid domain, where the
bridge piers are installed, is 354 m long, while the transitional domain is 590 m long upstream and 590 m
long downstream of the fine domain. The coarse domain length upstream and downstream of the bridge
piers depends on the location of the bridge piers, which is different for different scenarios (Section 2.4).
The computational grid size falls within the range of the recommended values regarding orthogonality,
aspect ratio, and smoothness, with values 0.0, 2.0, and 1.0, correspondingly (Deltares, 2014).

2.3.2. Morphological computations
The “morphological factor” is introduced in Delft3D to speed-up the computation of bed level changes

(morphological changes) (Ranasinghe et al., 2011, Carraro et al., 2018). For instance, using a factor
equal to 5 means computing the morphological changes with a 5 times faster rate. In practice, the
morphological changes that pertain to a certain hydrodynamic time step are multiplied by 5. In this way
running a typical hydrological year corresponds to simulating the morphological changes of 5 typical
years. This is based on the assumption that the bed level changes are much slower than the changes
in water flow which is true only at low Froude numbers. The morphological factor is especially applicable
to regulated rivers, with little hydrodynamic variations, like the Nile River in Egypt. From a sensitivity
analysis, negligible differences in results were observed for morphological factors of 40, compared to a
value of 1 (no morphological acceleration), after carrying out two simulations for 20 morphological years.
Consequently, a value of 40 is used herein.
Starting from a flat bed, the average morphological time (scaled-up time after using the morphological
factor) that is needed by the model to obtain steady bars, similar to those observed in the real river
reach, was estimated over at least 150 years. To avoid re-computing this morphological development
for every scenario that was run, the initial river bed with alternate bars was obtained once for all
scenarios using a coarser model (only coarse domain, Figure 1), here named “initial bed model”. By
running 40 typical years with a morphological factor of 40, the simulation covered 160 “morphological
years”. A waving bed with hybrid bars (steady and periodic bars, as defined by Duró et al., 2016) was
obtained by adding a groyne 1 km downstream of the upstream boundary. This triggers the formation
of hybrid alternate bars that are characteristic of most large low-land rivers (Crosato and Mosselman,
2020). The time step used for this computation was 30 seconds for stability considerations. The
equilibrium bed topography obtained with this model was then used as starting condition for all scenario
computations. For these, due to the presence of finer grid cells, the time step assigned to the “numerical
flume” (with the three domains) was 6 seconds.

Figure 1 - Computational grid of the numerical flume, initial bed flume models, and bridge piers
location at scenarios R2 AND R13 (see Table 1).

2.3.3. Boundary conditions
The total water discharge is assigned as upstream boundary condition and water levels, obtained from
the computation of normal water depths, are assigned as downstream boundary condition for all
scenarios. The incoming sediment, as well as the outgoing sediment transport rates, are computed at
the upstream and downstream boundaries, respectively, using the Engelund and Hansen's (1967)
formula. The bridge piers are simulated as thin dams. When introduced in the mesh, thin dams forbid
exchange of flow between two adjacent grid cells without affecting the total wet surface and the model
volume, which implies that no flow can go through them (Deltares, 2014).

2.4. Scenario definition
The numerical flume is used to study the impact of different spans (distance between bridge piers) on
the river morphology and the impact of installing varying numbers of bridge piers in the river cross
section, resulting in different obstruction ratios. The obstruction ratio is the ratio between the summation
width of the piers in the transverse section and the total numerical flume width. The span between the
bridge piers is constant (base-case span), but with a different number of bridge piers in the transverse
section (Table 1). The bridge piers are installed at 9.265 km downstream of HAD for all scenarios except
R13, for this the bridge piers are located at 10.875 km downstream of HAD. The installation of the piers
starts at the centreline of the transverse section depending on the span and number of bridge piers in
different scenarios.
All simulations start from a bed with steady and periodic alternate bars, named hybrid bars, to reproduce
a realistically large river bed configuration. Table 1 lists the simulated scenarios, R2 being the basecase. For all scenarios, the initial longitudinal bed slope is 3.510 -5 m/m and the average discharge is
1,837.5 m3/s, corresponding to the present average discharge of the reference Nile River reach under
strongly regulated conditions. The bridge piers are rectangular and their dimensions are 9.84 m for the
width (y-direction) and 13.11 m for the length (x-direction).
In simulation R13, the model is used to check the differences between installing the bridge piers in the
transitional zone between two successive bars and in the zone near a bar top, where one side of the
cross section is occupied by a bar and the other side by a pool, here named “bar-pool zone”.
Table 1 Research scenarios.
Initial
bed

Obstruction (no of piers)
sensitivity

B1(*)

B1(*)

Zone

Span sensitivity

Group

B1(*)

R1

Bridge span / River
width
0.025

Number of
piers
2

Obstruction
ratio (%)
3

R2

0.05

2

3

20.27

R3

0.10

2

3

20.54

R4

0.20

2

3

20.27

R5

0.40

2

3

20.27

R6

0.05

1

1.5

13.51

R7

0.05

4

6

20.27

R8

0.05

6

9

20.54

R9

0.05

8

12

20.81

R10

0.05

12

18

21.62

R11

0.05

14

21

21.89

R12

0.05

16

24

22.16

0.05

2

3

ID

R13
(**)

Flow intensity
(u/uc)
17.30

17.30

B1 (*) refers to the aforementioned “initial bed” scenario where a system with no piers reaches the
steady state, R13 (**) refers to the bar-pool zone scenario, u refers to average approaching velocity,
and uc refers to the average critical velocity.

Each scenario triggers a different morphological alteration of the “numerical flume” bed. The area around
the bridge piers is the most affected zone and, therefore, a fixed area is selected around the bridge piers
to carry out the numerical analysis for all scenarios. The study area, named “forced bar field”, starts
1,500 m upstream of the bridge piers and ends 1,500 m downstream. To quantify the impact of each
scenario, a MATLAB script was written to compute the maximum scour depth and the maximum

deposition height, in addition to the percentage of deposition area and scour area, relative to the total
area under study. Small deposition and scour amplitudes – with alterations smaller than 10 % of the
base case normal water depth (0.4 m) – are neglected in the numerical analysis so as to focus on greater
impacts.

3. RESULTS AND DISCUSSION
3.1. Span sensitivity scenarios
Five scenarios with different spans are simulated (Table 1), each covering 40 morphological years until
the bed changes become negligible, which indicates morphological equilibrium. The model shows
deposition zones upstream and downstream of the bridge piers, here named forced bars as in Duró et
al. (2016). Scouring on the sides of the piers is also noticed. Deposition is observed mainly on the bar
close to the bridge piers, and becomes less significant for the alternate bars that are located further
downstream. In relatively small span scenarios, the flow reduces considerably between the bridge piers.
Flow velocity at the upstream and downstream side of the piers is lower than around them and, as a
result, less sediment is transported in this zone. This leads to larger accumulation of sediment upstream
and downstream of the bridge piers (Figure 2). When the span, or distance between the bridge piers
increases, the flow between the structures increases. Therefore, more sediment transport occurs with
less sediment accumulation as a result.

Figure 2 - Water depth of scenarios R1-R5
(“span sensitivity” analysis, see Table 1).

Figure 3 - Numerical analyses of scenarios R1-R5,
Bridge span / River width and A) Maximum scour
depth and deposition height B) Area of scour and
deposition (“span sensitivity” analysis, see Table 1).

Based on the numerical analysis of the forced bar field, the maximum scour depth is larger than the
maximum deposition height for all five scenarios, except for R1, for which S/W (Bridge span / River
width) equals 0.025, where deposition and scour have approximately the same amplitude (Figure 3A).
The maximum scour depth (roughly 2.5 m) is similar in all five scenarios while the maximum deposition

height is inversely proportional to the piers span as it changes from 2.44 m at R1 (S/W = 0.025) to
1.61 m at R5 (S/W = 0.40) (Figure 3A). In the forced bars field, the deposition area is always larger than
the scour area (Figure 3B). The ratio between these two values is more or less constant, regardless of
the changes in bridge piers configuration. The scouring area is localized mainly on the sides of the piers,
regardless of the changes in the span between the two piers. It must be noted that grid resolution is not
targeted to reproduce local scouring around the piers, but the flow structures resulting from the presence
of a bridge that may induce river changes downstream and upstream. The deposition area is slightly
increased with increasing span between the bridge piers as it changes from 26.71 % at R1 (S/W = 0.025)
to 28.41 % at R5 (S/W = 0.40) (Figure 3B). The depth-averaged velocity in the whole reach ranges
between 0.21 m/s at the bar zones and 0.84 m/s at the pool zones.

3.2. Obstruction (number of piers) sensitivity scenarios
Eight scenarios (R6-R12 and R2, Table 1) consider different numbers of bridge piers in the transverse
sections but the same span values. Similar to the other runs, these scenarios cover 40 morphological
years until the bed topography reaches equilibrium. Increasing the number of bridge piers in the
transverse section increases the flow obstruction area. Deposition is formed upstream and downstream
of the bridge piers due to relatively low flow velocity, which likewise leads to less sediment transport in
this zone. The flow is thus concentrated at the sides of the area occupied by the bridge piers, which
leads to an increased erosive force and more sediment transport in the flow-dominated zones.
The maximum deposition height in the forced bar field at R10, R11, and R12 are less than in the other
five scenarios (Figure 4A) with more bridge piers in the transverse section. The reason could be that the
scenarios with a larger number of bridge piers, as in R10, R11 and R12, results in more uniformly
distributed flow in the cross section, due to more uniform hydraulic resistance, so that also the flow
velocity becomes more uniform in the transverse section. Thus, the flow is not concentrated on the sides
of the cross sections. R12, for instance, with 16 uniformly distributed piers, has the lowest maximum
deposition height among all scenarios. The deposition and scour areas increase with increasing number
of piers (obstruction ratio), but up to a limit, after which further increasing the number of piers (obstruction
ratio) (R12) leads to a decrease in deposition and scour areas. This may be because the flow is
distributed more uniformly (Figure 4B). It must be noted that scour and deposition amplitudes below
0.40 m are neglected from this analysis. In general, the amplitude of maximum deposition is lower than
the maximum scour amplitude, while the deposition area is always larger than the scour area (Figure
4).

Figure 4 - Obstruction (number of piers) scenarios R6-R12, bridge span / river width and A) maximum
scour depth and bed level rise, B) area of scour and deposition (“obstruction sensitivity” analysis, see
Table 1). (P) refers to the number of bridge piers at each scenario.

3.3. Piers locations scenarios
In the previous simulations, the piers were installed in the transitional zone between two bars. However,
in one scenario (R13, Table 1) the piers were installed near a bar top. In this zone there is a bar on one
side and a pool on the other side (“bar-pool zone”, see Figure 5). Again, the simulation covers 40 years.
The main effect of bridge piers located in the bar-pool zone is extra deposition over the bar near the

piers. In this scenario, the bridge piers cause deposition also above the hybrid bars further downstream,
although with lesser amplitude. The numerical analysis shows lower maximum scour depth in this
scenario (0.83 m), while the maximum scour depth in R2 (equivalent transitional zone scenario with
similar transverse pier distribution) is 2.52 m. The maximum deposition height is 2.14 m, larger than in
R2 (1.88 m). Percentages of deposition and scour areas in the bar-pool zone scenario (R13) in the
forced bar field are 22.18 % and 13.13 %, respectively, and thus less than in R2 in which the deposition
and scour areas, occupy 26.8 % and 15.8 % of the area, respectively. Thus, locating the piers in the
transitional zones between two bars increases the surface where morphological changes occur.

Figure 5 - Water depth for case R2 (piers in transitional zone) and R13 (piers in bar-pool zone).

4. CONCLUSIONS
This study investigates the effects of pier-span to river-width ratio and the effects of obstruction rate (by
increasing the number of piers) on equilibrium river morphology. The results show that at low-land river
conditions the span between bridge piers controls deposition and scour areas around the structures.
Relatively small span values result in reduced flow between bridge piers compared to the flow at the
side of the area occupied by the piers. This yields a higher maximum bed level rise downstream. The
scour area and the maximum scour depth are minimally affected by the distance between bridge piers.
Increasing their number (with constant span and dimensions) increases the extension of the deposition
and scour areas, and the maximum deposition height, but up to a limit. With a further increase in pier
number, the flow may become more uniform where the deposition area, bed level rise and scour area
decreases.
An additional simulation considers bridge piers installed in a bar-pool zone, whereas in the other
scenarios the piers were placed in a transitional zone between two successive bars. The results show
that if the piers are located in a bar-pool zone, the deposition area, scour area, and maximum scour
depth are smaller than if they are located in the transitional zone. The results suggest that bridge piers
in the bar-pool zone may have lower impact on the river bed than bridge piers in the transitional zone.
Installation of bridge piers increases the deposition over the hybrid bar present in the river, with the
nearest bars being the most affected ones. In all simulations, the deposition area is always larger than
the scour area. Large spans between uniformly distributed bridge piers would decrease the deposition
area and its elevation, hence reducing dredging investments for navigability. Thus, not only the diameter
of piers affects the resulting river changes, but also their arrangement, as is demonstrated in this
research. Installation of bridge piers in bar-pool zones can decrease the impact of the bridge piers. This
study includes simplifications, for example: assuming uniform sediment size and fixed banks. Since any
river has heterogeneous sediment, it is recommended to consider the different sediment sizes and
include the effect of bank erosion in future studies. Besides, cell resolution may not be able to finely
capture local scouring around structures but, instead, is targeted to resolve changes in bulk quantities
of the flow that may lead to downstream river changes.
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